Two tandem genes were identified on Arabidopsis chromosome II (AtCRL1 and AtCRL2) encoding proteins with homology to members of the dihydroflavonol-4-reductase (DFR) superfamily. The encoded CRL1 and CRL2 proteins share 87% mutual amino acid sequence identity whereas their promoter regions are highly divergent, suggesting differential regulation of the CRL genes. Phylogenetic analysis placed CRL1 and CRL2 in a separate branch of the DFR superfamily. Northern blotting showed strong AtCRL1 induction by abscisic acid (ABA), drought, and heat shock, and high expression level in seeds, thus resembling the expression pattern of late embryogenic abundant ABA-responsive genes. Differential expression of the two genes during plant development was confirmed in plants expressing transcriptional fusions between the two promoters and the Escherichia coli b-glucuronidase reporter gene. This showed that, whereas high expression of AtCRL1 in mature seeds declines during subsequent vegetative growth, transcriptional activity from the AtCRL2 promoter increases during vegetative growth. Expression of both genes is restricted to vascular tissue. Based upon their homology to proteins involved in lignin synthesis, we propose that AtCRL2 is involved in generating conducting tissue late in development, while AtCRL1 is involved in vascular tissue differentiation and/or synthesis in the germinating embryos.
Introduction
Vascular tissue is essential for mechanical support and water/nutrient transport in terrestrial plants. Lignins are a major component of vascular tissue, and the lignin biosynthetic pathway is a branch of the phenylpropanoid pathway that also supplies precursors for anthocyanin biosynthesis [1] . Anthocyanins, a flavonoid subclass, are major pigments in flowers and fruits, where they serve as insect and animal attractants, thus playing a role in pollination and seed dispersal [2] . The acquisition of the lignin and the flavonoid pathways has undoubtedly contributed to the transition of plants from aquatic to terrestrial environments.
Cinnamoyl coA:NADP oxidoreductase (CCR) (EC 1.2.1.44) catalyzes the conversion of cinnamoyl coA esters to the corresponding p-hydroxy-cinnamaldehydes, the first committed step in the synthesis of lignin monomers. A cDNA encoding CCR in Eucalyptus gunnii has been isolated [3] and shown to be expressed in lignified tissue, consistent with a role in lignification. Recently, two CCR-encoding cDNAs were cloned from Zea mays and found to be differentially regulated [4] .
The CCRs identified to date exhibit similarity to plant dihydroflavonol-4-reductase (DFR) (EC 1.1.1.219), the enzyme mediating the first step of the anthocyanin biosynthetic pathway [3, 5] . DFRs are encoded by gene families, and their expression is most pronounced in spatial and temporal patterns during corolla and inflorescence development [6, 7] .
A novel member of the DFR superfamily was recently isolated from E. gunni, and named EU-CAD1 based on its homology to cinnamyl alcohol dehydrogenases (CAD) [8] . The patterns of regulation and developmental expression of genes in the plant DFR superfamily are beginning to emerge [3, 4, 7, 8] , and expression of a EUCAD1 homologue from cowpea (CPRD14) was found to be responsive to drought and high salinity [9] . The exon -intron pattern of the genomic members of the superfamily, including DFRs, CCRs, and the EUCAD1-like proteins, is highly conserved [3, 8] .
We found two tightly linked genes encoding two paralogous CCR/DFR-like proteins on Arabidopsis chromosome II, termed AtCRL1 and AtCRL2 (CCR-like). Both exhibit the same exon -intron pattern reported for CCR and DFR genes. The encoded CRL proteins contain an amino acid sequence ascribed as the binding site of the co-factor NADP(H). Northern blot analysis and CRL promoter -glucoronidase (GUS) fusions in transgenic Arabidopsis plants demonstrate that AtCRL1 is induced by the plant hormone abscicic acid (ABA), drought and by heat shock, and is expressed at high levels in embryos. In contrast, AtCRL2 does not respond to the stimuli that activate AtCRL1, but is specifically expressed in the vascular tissue of stem material from around day 10 after germination. Thus, AtCRL2 may function in the generation of vegetative vascular tissue.
Materials and methods

Plant material
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col0) was used for all experiments. Plants were grown in a soil mixture (20% vermiculite) in a greenhouse at 21°C (16 h light/8 h dark). Induction experiments for northern blots, and MUG assays (see later), were performed in liquid cultures with 6-to 8-day-old seedlings. The medium was 1/2 ×MS [10] . Stem sections were taken from 4-week-old plants. 
Isolation and cloning of promoter regions
ABA, heat shock, and drought treatment
ABA and heat shock treatments were carried out in liquid cultures with seedlings (6-8 days after germination) of either Col0 or transgenics. ABA treatments were for 24 h with 0, 1, 10, 50, and 100 mM ABA in a 21°C growth chamber, while heat-treated cultures were placed at 37°C for 2 and 4 h (in dim light). Drought was applied to 6-to 8-day-old seedlings of Col0 by placing them on 3 MM paper wetted with tap water followed by incubation at 21°C in a growth chamber for 24 h.
Isolation of total RNA
A sample of 0.5 -2.0 g plant material was ground in liquid N 2 and suspended by vortexing in 4.5 ml REB buffer (50 mM Tris -HCl (pH 8.0), 300 mM NaCl, 5 mM ethylenediamine tetraacetic acid (EDTA), 2% sodium dodecyl sulfate (SDS), 1 mM aurintricarboxylic acid, 14 mM mercaptoethanol). After addition of KCl to 0.4 M, incubation on ice for 15 min and centrifugation, the supernatant was LiCl-precipitated. The pellet was resuspended in 2 ml DEPC H 2 O and phenol/chlo-roform-extracted twice. Finally, RNA was EtOHprecipitated and dissolved in 100 -200 ml DEPC H 2 O.
Northern blot analysis
A 20 mg sample of total RNA was size-fractionated by 16% (v/v) formaldehyde, 1.3% agarose gel electrophoresis, transferred onto HybondN membrane by capillarity and hybridized to 32 P-riboprobes at 55°C overnight. Blots were washed once with 1×SSC, 0.1% SDS for 20 min at 65°C, and twice with 0.1×SSC, 0.1% SDS for 30 min at 65°C. Signals were visualized by autoradiography and quantified using a phosphor imager screen (Molecular Dynamics) placed in a Storm 840 scanner. All signals were normalized to the signal by subsequent hybridization with a eukaryotic elongation factor (eEF)-1a probe.
Probes for northern blots
Probe fragments were generated by PCR. For the CRL probe, oligonucleotides were designed to isolate a cDNA fragment of 832 bp (positions − 29 to 803 relative to the AUG start codon) from a cDNA library. A fragment of 474 bp from eEF-1a was also produced. Both PCR fragments were cloned behind a T7 promoter (pGemTEasy, Promega) in the antisense orientation for generating riboprobes.
Stable transformation of Arabidopsis plants
Arabidopsis plants were transformed by vacuum infiltration with the CRL1GUS and CRL2GUS constructs after transfer of the binary T-DNA vector constructs[JM2] to Agrobacterium ABI by electroporation. Homozygous plants with only one locus of the transferred construct were identified by segregation patterns on Kanamycin-containing MS plates.
GUS reporter assays
GUS reporter activity was monitored by the conversion of the substrate MUG (4-methyl-umbelliferyl b-D-glucoronide) to the fluorescent product, MU. Plant tissue was ground in liquid N 2 and protein extracted in 100 mM KH 2 PO 4 / K 2 HPO 4 (pH 7.8) and 1 mM dithiothreitol (DTT).
Dissolved protein was isolated after thorough vortexing and centrifugation. Equal amounts of total protein, determined with the BioRad Protein Assay kit, were used in each microtitre sample assay including 25 mM NaH 2 PO 4 /Na 2 HPO 4 , 5 mM EDTA, 1 mM DTT, 0.05% Triton X-100, 0.05% sarkosyl, 1 mM MUG, and 20% methanol at 37°C. The amount of the reaction product MU was measured with 355 nm excitation and 460 nm emission wavelengths in a Wallac Victor II fluorimeter at time 0, 30, 60, 90, and 120 min. Reaction rates were calculated as fluorescent units per minute.
GUS stainings were carried out according to Sundaresan et al. [11] . The sample was placed under vacuum for 5 min and incubated at 37°C overnight. Plant tissue submerged in this solution was placed under vacuum for 15 min and incubated at 37°C overnight. The stain solution was removed and replaced by 70% ethanol to remove chlorophyll.
Preparation and staining of stem sections
A sliding microtome (Reichert -Jung) was used to create cryostat sections of 12 mm from stems of GUS-stained transgenic plants. Sections were subsequently stained for phenolic compounds including lignins by Auramine O-SO 2 as follows. Cryostat sections were fixed in 96% ethanol for 5 min and transferred to 1-butanol for 20 min. Butanol was removed with 2×96% ethanol and sections were brought down to distilled water through a stepped ethanol series. Sections were stained in Auramine O-SO 2 working solution for 60 min, rinsed in distilled water for 2 min and subsequently incubated in sulfite water for 5 min. Finally, the sections were rinsed twice in distilled water and mounted in 20% glycerol. Staining was detected by flourescence microscopy with excitation in the range 410 -460 nm.
Results
Arabidopsis CRLs of the DFR superfamily
Two tandemly oriented genes encoding cinnamoyl coA reductase-like (CCR-like) proteins were identified on Arabidopsis chromosome II (BAC clone F4P9) based on the high degree of amino acid identity of the encoded proteins to known CCRs (44 -49%). The mRNA of the upstream gene, AtCRL1, is 1259 nucleotides (EST 89N21T7) with an open reading frame (ORF) of 966 nucleotides, thus encoding a 321 amino acid polypeptide. The mRNA of the downstream gene, AtCRL2, is at least 1081 nucleotides (partial EST 158M22T7) with an ORF of 966 nucleotides, and therefore this protein is of similar size to CRL1. The sequence identity between CRL1 and CRL2 is 87% at the amino acid level.
The genomic distance between the stop codon of AtCRL1 and the start codon of AtCRL2 is only 500 bp (Fig. 1A) . From the sequence of a cDNA clone of CRL1, we found that polyadenylation occurs 200 bp downstream of the stop codon (Fig.  1A) . This leaves only 300 bp of promoter sequence for AtCRL2 with the possibility of overlapping elements between the AtCRL2 promoter and transcribed regions of AtCRL1.
The genomic structure of the CRL genes (Fig.  1A) resembles that of CCR and DFR genes from both monocots and dicots (Fig. 1B) . Thus, the common ancestor of CCR, DFR, and CRL genes existed before plants diverged into monocots and dicots. BLAST searches with the CRL1 protein sequence showed highest similarity with CCRs and DFRs. However, between these groups, we found two proteins called CPRD14 and EUCAD1. CPRD14, reported to be induced by drought and high salinity [9] , is 69% identical to EUCAD1 from E. gunnii. EUCAD1 is proposed to be a novel type of cinnamyl alcohol dehydrogenase [8] . It has little sequence similarity to other CADs that catalyse the conversion of p-hydroxy-cinnamaldehydes to the corresponding alcohols. On Arabidopsis chromosome I, we found four tandemly oriented genes that encode homologous proteins to CPRD14 and EUCAD1 (53 -57% amino acid identity). We call these AtRD14.1 -AtRD14.4.The annotated exon -intron structure of these genes as well as of EUCAD are the same as for CCR, DFR, and CRL genes (Fig. 1B) .
The N-terminal part of CCRs and DFRs is believed to contain the NADP(H) co-factor binding site. This region is also found in CRL1 and CRL2 between positions 11 and 27 ( Fig. 2B ) with ten out 17 invariant amino acids (i.e. V11, T12, G13, A14, G16, S20, W21, V23, L26, and L27 -CRL1 and CRL2 numbering).
The CRL sequences clearly branch away from CCRs, DFRs, and EUCAD1-like proteins in a phylogenetic analysis (Fig. 2C) . We tested for substrate-specificity by producing in Escherichia coli recombinant CRL1, CLR2 and a CCR from Arabidopsis (Lauvergeat et al., in preparation) as a positive control. CRL1 and CRL2 did not show reactivity towards the cinnamoyl CoA esters that are natural substrates for CCRs (i.e. p-coumaroyl CoA, feroyl CoA, and sinamoyl CoA; data not shown). Neither did we find any reactivity towards cinnamaldehydes (p-coumaraldehyde, coniferaldehyde, and sinamaldehyde), the natural substrates for CADs. Interestingly, the sequences around the proposed substrate-binding site in CCR [3] are divergent from the CRLs, and these sequences can be separated into the same four groups as is shown in the tree (compare Fig. 2B,C) . [3] ), AtDFR (A. thaliana dfr [12] ), InDFR (Ipomoea nil dfr [13] ), ZmDFR (Zea mays dfr [14] ), HvDFR (Hordeum 6ulgare dfr [15] ), and AtRD14.1 (A. thaliana rd14 similar to EUCAD1 and CPRD14 [8, 9] ). Length of exons (grey boxes) are denoted in base pairs, and intron Roman numbering is above (A) and (B). [17] ), VvDFR (Vitis 6inifera DFR [18] ), and as in Fig. 1 . Conserved tyrosine and lysine are indicated below. (C) Phylogenetic tree/dendrogram. The tree was built using the Phylip program (version 3.5c [19] ). AtCCR1 and AtCCR2 amino acid sequences (unpublished) were generously provided by V. Lauvergeat and J. Grima-Pettenati.
Regulation of CRL expression
To study the expression pattern of the CRLs, we initially performed a slot blot analysis on total RNA from plants grown and treated under 30 different conditions (data not shown). This revealed that CRL1 mRNA accumulated upon ABA treatment. Thus, in view of this result and the reported regulation of CPRD14 expression [9] , plants were set up and grown on MS plates or in liquid MS medium and subjected to treatments that induce late embryogenic abundant (lea) ABA-responsive genes [20] . Since the sequences of the AtCRL1 and AtCRL2 transcribed regions are very similar, it was not possible to design probes specific to either CRL mRNA. Nevertheless, Northern hybridization with a CRL1 cDNA fragment showed that mRNA accumulated in response to ABA and drought, and to very high levels in seed tissue (Fig.  3A) . No response to high salinity was detected, which is otherwise seen for the lea gene control, Rab18 (Fig. 3A) . The effect of ABA was confirmed with a dose -response experiment (Fig. 3B) , and a time course experiment with 50 mM ABA showed that mRNA accumulation increased to a maximum at 8 h and remained high until after 24 h (data not shown). Similarly, Northern blotting of total RNA from plants subjected to 37°C for 0, 2, and 4 h showed that CRL accumulation increased after 2 h of this heat shock incubation (Fig. 3C) .
Cis promoter elements of primary ABA response genes have previously been characterized as core ACGT consensus motifs [21, 22] . However, the promoters of AtCRL1 and AtCRL2 do not contain such motifs, suggesting that induction of CRL expression is indirect. We therefore carried out an experiment in which ABA was added to liquid cultured plants in the presence of 50 mM protein synthesis inhibitor cycloheximide. This treatment abolished the induction of CRL mRNA accumulation (data not shown), indicating that a protein factor required for induction has to be synthesized in response to ABA prior to induction of AtCRL1 expression. 
CRL promoter-GUS fusions
In contrast to the high degree of amino acid sequence similarity between CRL1 and CRL2, their promoter sequences are highly divergent. This could either reflect the fact that the initial gene duplication event generated a transcriptionally inactive pseudogene, or that subsequent selection pressure produced two differentially regulated genes to serve different spatial or temporal functions. To initially examine this, 5% upstream fragments of a 673 bp of AtCRL1 promoter and 507 bp of AtCRL2 were transcriptionally fused to the GUS reporter. These reporters, introduced into seedlings and vegetative tissues by particle bombardment (data not shown), were both active, suggesting that AtCRL1 and AtCRL2 may be differentially regulated.
To examine this further, the promoter regions fused to GUS and firefly luciferase were stably transformed into Col0 plants. Several homozygous transgenic lines were treated with ABA and heat, and MUG assays confirmed that the two genes were differentially regulated. CRL1GUS expression was responsive to ABA (Fig. 3D ) and heat shock (data not shown) whereas CRL2GUS was only expressed at lower constitutive levels. Histochemical GUS staining revealed strong induction of CRL1GUS in embryonic tissue in which CRL2GUS was completely inactive (Fig. 4A) . One day after germination, CRL1GUS staining was more restricted to root vascular tissue, whereas no staining was visible for CRL2GUS (Fig. 4B) . In 6-day-old seedlings, CRL1GUS was expressed in vascular tissue of the cotyledons and hypocotyl, but was not detectable in the first pair of leaves (Fig. 4C) . In contrast, CRL2GUS expression was first clearly detectable in the cotyledon and hypocotyl of such 6-day-old seedlings, although at apparently lower levels than for CRL1GUS. Moreover, and in contrast to CRL1GUS, CRL2GUS is expressed in the first pair of leaves and especially the hydatodes (Fig. 4C) . At day 10 after germination, the pattern remains the same for CRL1GUS, while the expression of CRL2GUS has clearly increased and is still localized to the vascular tissue (Fig. 4D) . The same expression patterns were observed with firefly luciferase as reporter gene (data not shown). GUS staining was also performed on cross sections of stems from 4-week-old plants. While only trace staining remained in plants expressing CRL1GUS, CRL2GUS expression was found in proxylem and prophloem (Fig. 4E) . The presence of phenolic compounds including lignins in these vascular tissues was verified by Auramine-O staining.
Discussion
The production of secondary metabolites has been important in organismal adaptation to differ-ent environments. For example, the acquisition of both the lignin and the flavonoid pathways in plants has undoubtedly contributed to their successful colonization of terrestrial habitats. Secondary metabolic pathways may arise from the requirement for metabolic intermediates that constitute pathway end products at a given evolutionary stage. Here we present the identification of two genes, CRL1 and CRL2, which phylogenetic comparison suggest are novel members of the DFR superfamily. Enzymes of the DFR superfamily catalyse diverse reactions including those involved in lignin and anthocyanin biosynthesis. However, the primary structures CRL1 and CRL2 are clearly distinct from both DFRs and CCRs, these latter being the first committed enzymes of lignin biosythesis. Furthermore, despite testing a number of potential lignin precursors [JM3], we have not as yet identified substrates for CRL1 and 2.
AtCRL1 and AtCRL2 are tandemly arranged on Arabidopsis chromosome II with an exon -intron pattern similar to other CCR and DFR genes [3] . The encoded CRL1 and CRL2 proteins are similar to members of the DFR superfamily and contain a conserved N-terminal motif involved in NADP(H) binding. Initial sequence comparisons suggested that CRL1 and CRL2 are most similar to CCR sequences. Positions 158 -165 in EUCCR (KN-WYCYGK) has been proposed as the CCR substrate binding site due to its tight conservation in all CCR forms and due to enzyme inhibition by 4,4-diisothiocyano-2,2-stilbene and pCMB, both of which bind lysine and cysteine [3, 23] . However, CRL1 and CRL2 contain a sequence at this position most similar to that found in members of the EUCAD1 subfamily (Fig. 2B) . Comparison of these regions between the different DFR superfamily members suggest that this region is an important determinant of substrate specificity. It is therefore possible that CRL1 and CRL2 are involved in reactions specific to nonconventional, and to date relatively poorly characterized, lignin subunits [1] .
The differential regulation of AtCRL1 and AtCRL2 indicate that both genes are under tight developmental control. AtCRL2 expression is limited to the vascular tissue of leaves, hypocotyl, and stem, and the developmental regulation of AtCRL2 clearly shows that expression increases with age of tissue (Fig. 4) . GUS staining of stem sections also shows that expression occurs in the proxylem and prophloem, suggesting that AtCRL2 is involved in the synthesis and/or maintenance of vascular tissue. Since the vasculature is a major site of lignification, this localization is consistent with a role for CRL activity in lignin biosynthesis.
AtCRL1 is induced by ABA, drought and heat, and is highly expressed in seeds, while its expression is almost undetectable in the vasculature of mature plants. ABA mediates a number of important physiological processes in plants [24] , and developmental studies have shown that ABA induces the accumulation of specific mRNAs and proteins during late embryogenesis [25, 26] . Previous results suggest that some ABA-responsive genes, which accumulate during seed desiccation, are part of a general response by the plant to water deficit. Such lea genes are induced by ABA, drought, and high salinity, and may be activated through a common signal transduction pathway.
ABA-induction of AtCRL1 requires de novo protein synthesis, indicating that a protein component must be synthesized as a primary response to ABA before activation of the AtCRL1 gene. The induction of Arabidopsis rd22 by drought and ABA also requires de novo protein synthesis. Cisacting promoter elements and the MYC and MYB DNA binding proteins that mediate rd22 ABA-responsive expression have been identified [27, 28] . The recognition sequence of AtMYB2 was found to be CNGTTR [28, 29] , and two of these hexameric oligonucleotide sequences are located in the CRL1 promoter at positions −521 and −557 from the ATG start codon. Atmyb2 is induced by water deficit, high salt, and treatment with ABA [27, 28] , and may therefore be involved in the ABA-dependent activation of transcription of AtCRL1. Moreover, a petunia MYB transcription factor binds a similar sequence, and is suggested to be involved in the regulation of flavonoid biosynthetic genes [30] .
The expression pattern of AtCRL1 indicates that CRL1 has a role in embryogenesis and seed germination. At the onset of germination, cells elongate and vascular development is required for nutrient flow. Given the strong similarity of the CRL1 protein to CCR isoforms, we suggest that it may be involved in the conversion of monomeric substrates for the construction of vascular cell walls. By analogy, we speculate that the products of CRL1 action may be further converted by members of the AtRD gene family, since these enzymes contain a putative active site with sequence similarity to that of CRL1.
In the same way, we envision that CRL2 is involved in the generation or maintenance of vascular tissue in adult plants. The maintenance of AtCRL1 and AtCRL2, which presumably encode similar enzymatic activities, may derive from the evolutionary advantage afforded by differential regulation: AtCRL1 is expressed at one phase in development and is inducible in other phases by certain stresses, while lower levels of CRL2 can be constitutively maintained throughout another developmental continuum.
